A novel method for automated curved planar reformation (CPR) of magnetic resonance (MR) images of the spine is presented. The CPR images, generated by a transformation from image-based to spine-based coordinate system, follow the structural shape of the spine and allow the whole course of the curved anatomy to be viewed in individual cross-sections. The three-dimensional (3D) spine curve and the axial vertebral rotation, which determine the transformation, are described by polynomial functions. The 3D spine curve passes through the centres of vertebral bodies, while the axial vertebral rotation determines the rotation of vertebrae around the axis of the spinal column. The optimal polynomial parameters are obtained by a robust refinement of the initial estimates of the centres of vertebral bodies and axial vertebral rotation. The optimization framework is based on the automatic image analysis of MR spine images that exploits some basic anatomical properties of the spine. The method was evaluated on 21 MR images from 12 patients and the results provided a good description of spine anatomy, with mean errors of 2.5 mm and 1.7
Introduction
Images of three-dimensional (3D) anatomical structures, obtained by computed tomography (CT) or magnetic resonance (MR) imaging, are usually presented to clinicians in the form of a series of two-dimensional (2D) planar cross-sections in the standard axial, sagittal and coronal image reformation. However, because structures of interest may have curved 3D morphology, they cannot be completely visualized in individual multiplanar or oblique cross-sections. In the examination of spine images, for example, the spine may intersect the sagittal or coronal cross-sections due to its natural curved shape, while the axial cross-sections may not always be positioned at the same level of the vertebral bodies or intervertebral discs. Not all of the important details can therefore be shown simultaneously in any planar cross-section, which may be even more explicit in the case of significant coronal or sagittal spinal curvature, i.e. scoliosis and kyphosis or lordosis, respectively. To enable an effective clinical evaluation and quantitative analysis of such cases, images should be created in the coordinate system of the curved 3D anatomical structure, in which cross-sections are either orthogonal or tangent to a curve along the structure. This type of image reformation is referred to as curved planar reformation (CPR), or curved sectioning, and is often used (e.g. in angiography, diagnostics of colon and pancreas) to overcome the difficulties of conventional representations.
Several approaches to reformation of CT images of the spine have already been presented and reported to be useful for evaluation of spinal deformities. Rothman et al (1984) demonstrated that curved images of the coronal spine region, obtained by connecting manually selected points into a continuous curve, are useful in evaluation of anatomical relationships. After reformation, structures such as nerve roots, facet joints and spinal cord could be observed in a single 2D image. By generating oblique sagittal images, Rabassa et al (1993) showed that visualization of the vertebral facets improved, while oblique axial images allowed views parallel to the intervertebral discs in the case of scoliosis or an increased lumbosacral curvature of the spine. Although the reformation was limited to oblique cross-sections, the authors concluded that in certain clinical situations, such as in evaluation of neural foraminal stenosis or localization of spinal lesions, the reformatted images could supplement the acquired CT images. Congenital spinal deformities were examined by Newton et al (2002) , who manually outlined the boundaries of the spine in standard reformation and created CPR images that improved the identification and interpretation of abnormalities. The benefit of CPR images, in comparison with multiplanar or oblique cross-sections, was most valuable in the case of significant sagittal or coronal curvature of the spine, as CPR images might help spine surgeons to achieve a more complete understanding of spinal deformity. Roberts et al (2003) reformatted the images orthogonally to the long axis of both left and right neural foraminae of the cervical region of the spine. By oblique reformation, they improved the consistency in the interpretation of neural foraminal stenosis between observers. They also suggested that such an approach should be considered in routine evaluation. In order to improve the definition of congenital abnormalities of the spine, Menten et al (2005) described a planospheric reformation method that was based on a reconstruction from a cylindrical plane, defined around the approximate boundary of the spinal canal within an axial CT cross-section. As a result, the anterior and posterior elements of the spine were visualized in the same plane. Manual determination of the curve points was required in all of the studies reported above. A semi-automated method was presented by Kaminsky et al (2004) , who performed segmentation of the spine on reformatted CT images in order to overcome the problems of orientation in the standard reformation. The transformation axis was determined by a 3D spline, obtained either manually by delineating centrelines in sagittal and coronal planes or automatically by dropping spheres of maximum possible radius through the vertebral bodies or spinal canal. Recently, an automated CPR method for 3D CT spine images was presented by Vrtovec et al (2005) , which required manual determination of just two points at both ends of the spinal section of interest. By introducing the notion of the spine-based coordinate system, they represented the spinal curvature and the rotation of vertebrae as polynomial functions, which formed the transformation axes for the reformation procedure. However, the method was developed for CT images and is therefore modality dependent.
Over the past few years, MR has become a more dominant modality in spine imaging, providing high-quality 3D images of soft tissues and bone structures of the spine, including the spinal cord, by a correct selection of imaging parameters. The poor resolution of early MR scanners has been improved by dedicated multichannel spine coils with better signal-tonoise ratio (SNR). Visualization of abnormalities, injuries and diseases in the spinal region is often superior in MR imaging than in other imaging methods, such as CT or myelography. Moreover, as there is no exposure to ionizing radiation, MR is considered to be the modality of choice for follow-up examinations and longitudinal studies. Image reformation has already been identified as a valuable technique in MR imaging of the spine. Apicella and Mirowitz (1995) reported that image reformation could compensate for the apparent asymmetry of 3D anatomical structures, caused by improper patient positioning or patient motion during image acquisition, and that reformatting can be applied to different anatomical structures, including the spine, where it can be used to improve the visualization of the spinal canal and neural foraminae. Liljenqvist et al (2002) focused their study on vertebral morphology, which is of significant importance in pedicle-screw placement for the treatment of scoliosis. In order to obtain true values of the pedicle width, length and angle, the MR spine images were manually reformatted so that the measurements could be performed in cross-sections perpendicular to the vertebral bodies. Very recently, in a study of automated survey of MR spine images (Weiss et al 2006) , it was reported that automated reformation of 3D spine images along the true sagittal, coronal or axial axis of the vertebral bodies and discs may potentially facilitate the radiologist's image interpretation. On the other hand, dedicated commercial software and packages provided by CT/MR scanner vendors enable generation of multiplanar and curved cross-sections. However, the points that are connected into a continuous curve also have to be manually selected by the user, which requires navigation through complex 3D (spine) anatomy. Although the MR scanners allow acquisition of images in arbitrary planes (i.e. in a rotated standard reformation), they are selected by the machine operator and dependent on the position of the patient in the scanner. The possibility of obtaining a curved slice from the MR scanner (Jochimsen and Norris 2002, Börnert 2003) was achieved by the application of spatially selective 2D radio-frequency (RF) pulses, thus allowing the imaged slice to be curved only in one dimension. Poor spatial resolution in initial experiments was improved; however, the image quality was still not satisfying due to intensity modulation artefacts.
In this paper, we present a novel method for automated CPR of MR images of the spine. The reformation framework is based on the transformation from the standard image-based to the spine-based coordinate system, which we proposed for automated CPR of CT images (Vrtovec et al 2005) . The main contribution of this work is the automated extraction of the 3D spine curve and axial vertebral rotation from MR images. The method is based on automated detection of spine bone structures from MR images, which is far more difficult than the detection of these structures from CT images. For this purpose, we exploit some of the basic anatomical features of the spine, i.e. the mid-sagittal symmetry and circularity of the vertebral column. Besides being diagnostically valuable, the resulting CPR images are independent of the position of the patient in the scanner, as they are referenced to the location of the vertebral bodies and the relative orientation of the vertebrae while comprising both anatomical and geometrical properties of the spine. In the image-based coordinate system, the spine intersects sagittal and/or coronal crosssections (a). The transformation from image-based to spine-based coordinate system is determined by the 3D spine curve c(n) and axial vertebral rotation ϕ(n) (b). In the spine-based coordinate system, the whole course of the spine can be observed in sagittal and coronal cross-sections (c).
Problem description
In order to generate CPR images of the spine, information on individual vertebrae and intervertebral discs and their spatial relationship has to be properly extracted from MR images of the spine. The standard image-based reformation is represented by the Cartesian coordinate system, in which the x, y and z axes represent the standard sagittal, coronal and axial directions, respectively. With the introduction of the spine-based coordinate system (Vrtovec et al 2005) , the spine domain n is mapped from the image-based to the spine-based coordinate system by applying the transformation T:
where u, v and w are the axes of the spine-based coordinate system, defined by continuous parametric functions c(n) and ϕ(n), which are specific for the spine. The 3D spine curve c(n) is a curve that passes through the centres of vertebral bodies and intervertebral discs and represents the central axis of the spinal column. The axial vertebral rotation ϕ(n) represents the rotation of the vertebral spinous processes around the axis of the spinal column. The continuous variable n parameterizes the spine domain n . For an arbitrary position on the spine, the axes of the spine-based coordinate system (figure 1) can be therefore defined as follows:
• The axis w is tangent to the 3D spine curve c(n) and points in the direction of the axis of the spinal column.
• The axis v is orthogonal to axis w and points in the direction of the vertebral spinous processes. The rotation of the axis v around the axis w is determined by the angle ϕ(n) = (v, y ⊥ ), which is defined as the angle between the axis v and the projection y ⊥ of the Cartesian axis y onto the plane P ⊥ (n), in which the axis v lies.
• The axis u is orthogonal to both axes w and v.
The key problem in automated generation of CPR is the determination of the 3D spine curve c(n) and axial vertebral rotation ϕ(n), which is especially demanding for MR spine images in which bone structures, needed to define c(n) and ϕ(n), are difficult to extract. The major contribution of this paper is a novel solution to this challenging problem, which is addressed in the following subsections.
Methods
In order to automatically detect the centres of vertebral bodies and intervertebral discs, which will serve to define the 3D spine curve c(n) and axial vertebral rotation ϕ(n), we exploit some of the basic anatomical properties of the spine. First, when observed in axial crosssections, the vertebral bodies and intervertebral discs are nearly circular in shape and the vertebrae are symmetric over the lines that pass through the centres of vertebral bodies (or intervertebral discs) and vertebral spinous processes. These anatomical properties are used for initial estimation of the centres of vertebral bodies and axial vertebral rotation in each 2D axial cross-section of the original 3D MR spine volume. Second, assuming that the 3D spine curve and axial vertebral rotation are smooth functions, the initial estimates are refined in 3D by robust nonlinear regression.
Initial estimation of centres and rotations of vertebrae
In each axial cross-section P ax (z = z j ), j = 1, 2, . . . , Z, of the 3D image, an in-plane line of symmetry y j (x) ⊂ P ax (z j ) that passes through the centre of vertebral body and spinous process is defined. The line y j (x), which splits the corresponding vertebral body into two halves, is obtained by maximizing the similarity function sim(·) between the two half-images (figure 2):
where tan(90 • −γ j ) is the slope andλ j is the intersection of the optimal in-plane line of symmetry y j (x) = tan(90
• −γ j )(x −λ j ) with the axis x. Next, the centre of the vertebral body is searched for along the obtained optimal in-plane line of symmetry y j (x) by an operator, sensitive to the circular structure of the vertebral body in the axial cross-section. For a circular structure, a certain intensity variation along any radial direction is always present, while the intensity variation in the direction perpendicular to the radial direction should be relatively small. To estimate these properties of a circular structure, the proposed operator is made of concentric rings. Intensity variation in the direction perpendicular to the radial direction is estimated by the sum of entropies of pixel intensities in individual concentric rings. On the other hand, to estimate the intensity variation along radial directions and to penalize the homogeneous regions, the entropy of the entire operator is also computed. The operator , which consists of M concentric rings of radii r m , r m < r m+1 , m = 0, 1, . . . , M − 1, is defined as
where
, is the entropy defined by the probability distribution p q,m of intensities in the mth ring; H, H = − Q q=1 p q log p q , is the entropy defined by the probability distribution p q of intensities within the entire operator and Q is the number of bins used for probability estimation. The ring weights w m are chosen to be within S standard deviations of the Gaussian distribution (3), so that the inner rings have a relatively larger impact on the operator response than the outer ones. The centre (x j , y j (x j )) = (x j ,ŷ j ) of the vertebral body is found by minimizing the response of the entropy-based operator along the line of symmetry y j (x) in plane P ax (z j ):
Initial estimates of the centres of vertebral bodies {c} = {c j = (x j ,ŷ j , z j ); j = 1, 2, . . . , Z} and axial vertebral rotations {γ } = {γ j ; j = 1, 2, . . . , Z} along the spine are obtained by applying the above procedure (2), (4) to all axial cross-sections P ax (z = z j ), j = 1, 2, . . . , Z, of the original 3D spine image.
Robust refinement of centres and rotations of vertebrae
The initial estimates of the centres of vertebral bodies and axial vertebral rotations, obtained by the procedure above, are refined in 3D by robust nonlinear regression. For this purpose, we introduce the continuous 3D spine curve c(n) = (x(n), y(n), z(n)) and axial vertebral rotation ϕ(n) in the form of polynomial functions
where K x , K y , K z and K ϕ are the degrees and b x = {b x,k }, b y = {b y,k }, b z = {b z,k } and b ϕ = {b ϕ,k } are the parameters of polynomials x(n), y(n), z(n) and ϕ(n), respectively. The parameters are normalized over the spine domain n :
so that the modification of each parameter has the same impact on the absolute variation of the corresponding polynomial term. For the purpose of implementation, the continuous spine 
where r 1 and determines the number of ordered residuals that are used in the computation. The initial estimates of rotations {γ } = {γ j ; j = 1, 2, . . . , Z} of the vertebral spinous processes, which are obtained from the lines of symmetryŷ j (x), serve to initialize the computation of the axial vertebral rotations {ϕ} = {ϕ j ; j = 1, 2, . . . , Z}. The rotations {ϕ} are recomputed in planes P ⊥ (n) orthogonal to the 3D spine curve c(n) (figure 1). The optimal parametersb ϕ that determine the parametric form of the axial vertebral rotation ϕ(n) (5) are obtained by applying the nonlinear LTS regression method to the set {ϕ} in the discrete spine domain { n }:
Similarly as for the 3D spine curve (7), the trimming constant h ϕ , 0.5 < h ϕ N 1, determines the number of ordered squared residuals r 2 ϕ, [i] 
2 , that are used in the computation.
Curved planar reformation
Curved surfaces are obtained from original MR images of the spine by following the computed 3D spine curve c(n) and axial vertebral rotation ϕ(n), which determine the transformation T from image-based to spine-based coordinate system (1). The curved transformation does not preserve distances. However, by applying the inverse transformation T −1 , distances can be measured in the image-based coordinate system. By folding the obtained curved surfaces onto a plane, CPR images of the spine are generated. Similarly as the axial, sagittal and coronal cross-sections determine the position of the anatomy relative to imaging planes in the imagebased coordinate system (x, y, z), cross-sections that determine the position of the anatomy relative to the spine can be determined in the spine-based coordinate system (u, v, w) (figure 1). A spine-based axial, sagittal and coronal cross-section is any plane which is parallel to the axes u and v, v and w, and u and w of the spine-based coordinate system, respectively.
Experiments and results

MR spine images
The proposed method was tested on 21 axial MR scans of the spine from 12 patients, acquired by a spine array coil. T 1 -weighted (average repetition time T R = 550 ms, average echo time T E = 15 ms) and T 2 -weighted (average repetition time T R = 4560 ms, average echo time T E = 110 ms) images of the lumbar and thoracic spinal regions from nine patients were obtained by a 1.5 T (tesla) MR scanner (General Electric Signa Excite). The matrix size was X × Y = 512 × 512 pixels, the average voxel size S x × S y = 0.398 × 0.398 mm 2 (field of view FOV = 200 × 200 mm 2 ), the cross-section thickness S z = 3-6 mm and the number of axial cross-sections Z = 23-31. In addition, three whole-length T 2 -weighted spine images were acquired (S z = 3 mm, Z = 208-230, one on a 1.5 T and two on a 3 T GE Signa Excite scanner) using the same imaging protocol in order to test the performance of the algorithm on the whole course of the spine. The whole-length spine images were acquired in three separate acquisitions and joined into one image by using the information in the header of the DICOM files. Landmarks, manually placed in 3D at the centres of vertebral bodies and corresponding tips of vertebral spinous processes in each original MR image (i.e. in the image-based coordinate system), served as ground truth data. Ground truth data were used to quantitatively evaluate the performance of the proposed automated CPR method.
Implementation details
User interaction, required by the automated CPR method, was limited to pinpointing the approximate centre of the vertebral body in only one axial cross-section of each MR spine image in either cervical, thoracic or lumbar region. The centre of the vertebral body served for initializing the search of the sets {c} (2) and {ϕ} (4), while the radius of the entropy-based operator (3) was automatically adjusted from M = 15 rings in the cervical region, to M = 20 rings in the thoracic region, and to M = 30 rings in the lumbar region of the spine (the ring size was m = 1 mm ring , the weights w m were within S = 2 standard deviations of the Gaussian distribution, the probability distributions were computed using Q = 16 bins). Standard mutual information (Weisstein 1999 ) was used as the similarity measure (function sim(·) in (2)) and the simplex method in multidimensions (Press et al 2002) was used for the optimization procedure (2), (4). The number of samples N in the discrete spine domain { n } was set to the number of axial cross-sections Z, N = Z. For describing the 3D spine curves and axial vertebral rotations (5), polynomials of degree K {x,y,ϕ} = 4 were used in images of spine segments and polynomials of degree K {x,y,ϕ} = 6 in whole-length spine images. The degree K z of the polynomials z(n) (5) was fixed to 1. The trimming constants of the nonlinear LTS regression method (Rousseeuw and Leroy 2003) were set to h c = h ϕ = 2N 3 (7), (8). The summary of parameter values used in the experiments is presented in table 1.
Results
The whole course of the spine cannot be observed in the image-based coordinate system, as the spine intersects with sagittal and coronal cross-sections. This shortcoming is overcome by CPR images, which allow the inspection of the whole course of the spine in single spine-based cross-sections (figure 1). By following the course of the computed 3D spine curve c(n) and the course of the computed axial vertebral rotation ϕ(n) in the spine domain n (5), and by folding the obtained curved surfaces onto a plane, CPR images were successfully generated from images of spine segments (figure 3) and from whole-length spine images (figure 4).
The courses of the sagittal spine curve x(n) and coronal spine curve y(n) are shown in figure 5 . Since the images used in this study represented normal spine anatomy, the coronal spine curves show the natural coronal curvatures of the spine, while the sagittal spine curves reflect the relatively small natural sagittal curvatures. Such results were expected and also confirmed by the close match to the ground truth data. On the other hand, the courses of axial vertebral rotation ϕ(n) (figure 5) indicate that there may be no common course of axial vertebral rotation in normal spines but only a slight natural fluctuation that is specific for the observed spine anatomy. Since axial vertebral rotation is computed in planes orthogonal to the 3D spine curve, the estimation of the axial rotation parameters depends on the previous estimation of the 3D spine curve parameters. This makes the procedure inconsistent with the Serret-Frenet reference frame in differential geometry (Weisstein 1999) , i.e. the axis v of the spine-based coordinate system does not equal the Frenet normal vector, but is oriented in the direction of the vertebral spinous processes. However, such an approach assures that besides geometrical also the anatomical properties of the spine are incorporated in the resulting CPR images. The curvature, which is defined in differential geometry as an intrinsic property of the curve, can nevertheless be observed. For a parameterized curve c(n) it is defined in 3D as (the sign × denotes vector cross product)
The spinal curvature κ(n) at an arbitrary position n on the spine has a magnitude equal to the reciprocal value of the radius of an osculating circle to the 3D spine curve at that position. As a result, the 3D spine curve can be presented by a one-dimensional curve that captures the characteristics of the spine in 3D. The computed courses of the spinal curvature for the whole-length spine images are shown in figure 5 .
Ground truth data were used to quantitatively evaluate the performance of the proposed automated CPR method. The 3D spine curve error was estimated as the Euclidean distance between the computed 3D spine curve and the ground truth landmarks. The axial vertebral rotation error was estimated as the difference between the computed values and the rotations from ground truth data, obtained as the angles between the lines through the centres of vertebral Mean 3D spine curve error c(n) (mm) T 1 -weighted 2.7 4.1 1.0 1.5 4.3 3.7 2.7 2.8 1.9 ---2.8 1.1 T 2 -weighted 3.2 3.9 1.2 1.1 1.7 1.7 1.4 1.5 2.0 2.6 3.6 3.7 2.3 1.0
Mean axial vertebral rotation error ϕ(n) ( • ) T 1 -weighted 3.1 1.3 1.5 0.9 2.6 0.8 0.9 2.2 1.6 ---1.7 0.8 T 2 -weighted 3.9 2.5 0.9 1.3 2.6 1.7 0.8 2.0 0.9 1.4 2.1 1.2 1.8 0.9 3D spine curve error c(n) (mm) 2.5 1.1 Axial vertebral rotation error ϕ(n) ( • ) 1 . 7 0 . 9 a Images acquired on a 3T MR scanner.
bodies and the corresponding tips of vertebral spinous processes, and the sagittal reference plane. The results are presented in table 2 and indicate that the method performed well both for T 1 -and T 2 -weighted images. For all images used in this study, the mean 3D spine curve error was c(n) = 2.5 mm (standard deviation σ = 1.1 mm) and the mean axial vertebral rotation error was ϕ(n) = 1.7
• (standard deviation σ = 0.9 • ).
Discussion and conclusion
The proposed automated method for generating CPR images from MR images of the spine allows the visualization and inspection of images in the coordinate system of the spine. Most of the existing reformation techniques for 3D spine images require manual determination of the spinal curvature and/or vertebral rotations and are usually determined in 2D. With minimal user interaction (i.e. by identifying the centre of only one vertebral body), the proposed method automatically extracts the 3D spine curve and axial vertebral rotation, which determine the transformation from image-based to spine-based coordinate system (1). The measured quantities are described continuously along the whole spinal length in a low-parametric form by polynomials of degree 4-6. The proposed method was qualitatively and quantitatively evaluated on 18 MR images of spine segments (nine T 1 -and nine T 2 -weighted) and three T 2 -weighted whole-length MR images of normal spines. The computed 3D spine curves and axial vertebral rotations are consistent with the manually defined ground truth data and comparable to the results obtained on CT images (Vrtovec et al 2005) .
Quantitative assessment of spinal curvature and axial vertebral rotation is important for surgical planning, analysis of surgical results and monitoring of the progression of spinal deformities (Aronsson et al 1996 , Birchall et al 1997 . Describing spinal curvatures with mathematical functions is not a new concept, and functions such as sinusoids (Drerup and HierHolzer 1996) , splines (Kaminsky et al 2004 , Verdonck et al 1998 and polynomials (Vrtovec et al 2005 , Peng et al 2005 were used for that purpose. For measuring the axial vertebral rotation, CT is the most accurate imaging modality (Krismer et al 1996 , Kuklo et al 2005 . Different techniques for CT were developed (Aaro and Dahlborn 1981 , Ho et al 1993 , Göçen et al 1999 and later improved by taking into account sagittal and coronal inclinations of vertebrae (Skalli et al 1995 , Krismer et al 1996 , Hecquet et al 1998 . Similar techniques were also applied to MR images of the spine. Birchall et al (1997) computed the axial vertebral rotation from the position of landmarks that were manually placed in each oblique axial cross-section, defined through superior and inferior end-plates of each vertebra in the acquired axial MR images. In order to assess intervertebral rotations, Rogers et al (2002) registered pairs of axial cross-sections that captured most of the transverse, spinous and superior articular processes of each vertebra. However, the initial centre of rotation was manually defined at the dorsal edge of the vertebral body on each cross-section.
The spinal curvature κ(n), which is relative to the osculating circle to the 3D spine curve, and the axial vertebral rotation ϕ(n), which is the rotation of vertebrae around the 3D spine curve, are inherent properties of the spine (i.e. spine-specific) and therefore not affected by rigid body transformations. The generated CPR images are independent of the position of the patient in the MR scanner and of the orientation of the imaging planes. Moreover, healthy anatomy is represented in the same coordinate system as abnormal anatomy, which may allow a more objective evaluation and diagnosis of the abnormalities. Displaying the whole course of the spinal column within a single 2D image may be of significant importance in the case of increased coronal (i.e. scoliosis) or sagittal (i.e. kyphosis, lordosis) spinal curvature. The vertebral rotation is determined by taking into consideration sagittal and coronal inclinations of the vertebrae, which are known to significantly influence the measurements. However, the vertebral rotation cannot be always uniquely defined, as it is affected by the natural bending of spinous and transverse vertebral processes. The same observation can be made for vertebral rotations, obtained by manually defined landmarks. The major limitation of the presented method is that the determination of axial vertebral rotation depends on prior estimation of the 3D spine curve, as the rotation is measured in planes that are centred in the computed spine curve samples.
Among the most significant parameters that may assist an orthopaedic surgeon in evaluating spinal deformities, is the length of the spinal axis, the Cobb angle, the locations of the centres of vertebral bodies and vertebral rotation angles, i.e. axial rotation, sagittal and coronal inclinations (Stokes 1994) . Besides direct automated localization of the centres of vertebral bodies, i.e. the 3D spine curve, and measurement of axial vertebral rotation (5), the proposed method implicitly allows automated measurement of the remaining parameters. The length of the spinal axis can be computed from the arc length, which is a geometrical property of the polynomial function that represents the 3D spine curve. In the case of a scoliotic spinal deformity, the location of the end vertebrae (i.e. the vertebrae with maximal slant towards the concavity of the curve above and below its apex) could be extracted from the course of curvature (9) and axial vertebral rotation, allowing the measurement of the Cobb angle (Cassar-Pullicino and Eisenstein 2002). The sagittal and coronal vertebral inclinations can be associated with the inclination of the planes, orthogonal to the 3D spine curve. Moreover, the identification of the superior and inferior end-plate on individual vertebral bodies would allow the determination of inter-segmental (i.e. between neighbouring vertebrae) and intra-segmental (i.e. within individual vertebrae) rotation angles (Birchall et al 1997) . These are of significant importance, since only the inter-segmental rotations can be corrected by surgical intervention (Cassar-Pullicino and Eisenstein 2002) . Automated measurement of the significant spinespecific parameters may therefore provide a complete quantitative representation of the spine in 3D, which may improve preoperative planning and postoperative evaluation.
The main purpose of the proposed automated CPR method is, however, to reduce the structural complexity in favour of an improved feature perception of the spine and to provide clinically relevant quantitative analysis of the 3D spine anatomy. However, the knowledge of the location and orientation of the spine in 3D can be exploited by other image analysis techniques and applied in a clinical environment, e.g. for the identification and measurement of dimensions of the spinal canal and the spinal cord. The notion of the spine-based coordinate system is modality independent and can therefore be used for data fusion, i.e. merging of CT and MR images of the same patient. We will focus our future research on some of these topics.
